The segregation of dense core-forming melts by porous flow is a natural mechanism for core formation in early planetesimals. However, experimental observations show that texturally equilibrated metallic melt does not wet the silicate grain boundaries and tends to reside in isolated pockets that prevent percolation. Here we use pore-scale simulations to determine the minimum melt fraction required to induce porous flow, the percolation threshold. The composition of terrestrial planets suggests that typical planetesimals contain enough metal to overcome this threshold. Nevertheless, it is currently thought that melt segregation is prevented by a pinch-off at melt fractions slightly below the percolation threshold. In contrast to previous work, our simulations on irregular grain geometries reveal that a texturally equilibrated melt network remains connected down to melt fractions of only 1 to 2%. This hysteresis in melt connectivity allows percolative core formation in planetesimals that contain enough metal to exceed the percolation threshold. Evidence for the percolation of metallic melt is provided by X-ray microtomography of primitive achondrite Northwest Africa (NWA) 2993. Microstructural analysis shows that the metal-silicate interface has characteristics expected for a texturally equilibrated pore network with a dihedral angle of ∼85 • . The melt network therefore remained close to textural equilibrium despite a complex history. This suggests that the hysteresis in melt connectivity is a viable process for percolative core formation in the parent bodies of primitive achondrites.
The segregation of dense core-forming melts by porous flow is a natural mechanism for core formation in early planetesimals. However, experimental observations show that texturally equilibrated metallic melt does not wet the silicate grain boundaries and tends to reside in isolated pockets that prevent percolation. Here we use pore-scale simulations to determine the minimum melt fraction required to induce porous flow, the percolation threshold. The composition of terrestrial planets suggests that typical planetesimals contain enough metal to overcome this threshold. Nevertheless, it is currently thought that melt segregation is prevented by a pinch-off at melt fractions slightly below the percolation threshold. In contrast to previous work, our simulations on irregular grain geometries reveal that a texturally equilibrated melt network remains connected down to melt fractions of only 1 to 2%. This hysteresis in melt connectivity allows percolative core formation in planetesimals that contain enough metal to exceed the percolation threshold. Evidence for the percolation of metallic melt is provided by X-ray microtomography of primitive achondrite Northwest Africa (NWA) 2993. Microstructural analysis shows that the metal-silicate interface has characteristics expected for a texturally equilibrated pore network with a dihedral angle of ∼85 • . The melt network therefore remained close to textural equilibrium despite a complex history. This suggests that the hysteresis in melt connectivity is a viable process for percolative core formation in the parent bodies of primitive achondrites.
percolation | core formation | hysteresis | textural equilibrium | planetesimal T errestrial planets inherit the geochemical signatures of differentiated planetesimals that formed in the early solar system (1, 2) . Geochemical and paleomagnetic evidence suggests that such differentiation occurred less than three million years after the formation of calcium-aluminum-rich inclusions (3, 4) . The recognition of these rapid timescales has identified the decay of the short-lived radionuclides 26 Al and 60 Fe as the heat source for differentiation (5, 6) . In many early accreting planetesimals, the decay heating was sufficient for global melting of the planetesimal, allowing core formation in a global magma ocean (7, 8) . Other planetesimals that formed later experienced only partial melting and partial differentiation (9) (10) (11) (12) . This is supported by the various degrees of partial melting and partial differentiation recorded in primitive achondrites (13, 14) . Metal-silicate differentiation in such bodies requires grain-scale melt percolation and segregation by porous flow. Flow may eventually segregate into fractures, but the time-limiting step is likely the drainage from the matrix into the fractures.
By the time melting begins, most primitive achondrites are metamorphosed and have highly equilibrated textures (15) . The melt distribution in such polycrystalline materials under hydrostatic stress evolves toward textural equilibrium (16) (17) (18) (19) . In this limit, the pore geometry evolves to minimize the energy of the liquid-solid interfaces, while maintaining a constant dihedral angle, θ, at solid-solid-liquid contact lines. Fig. 1 shows a simulation of such a texturally equilibrated melt network in an irregular polycrystalline material. The grain geometry used here is taken from a metal, because no such information is available for natural polycrystalline silicate. The exact material is less important for the conclusions below than the fact that the grain geometry is irregular (SI Materials and Methods). The percolation of texturally equilibrated melt is determined by the dihedral angle between the metallic melt and the silicate grains,
where γ sl and γss are the solid-liquid and solid-solid surface energies, respectively. For θ ≤ 60
• , the pore network percolates at melt fractions of less than 1%, but a percolation threshold exists for larger dihedral angles (16) (17) (18) (19) . The dihedral angle between the core-forming metallic melt and the silicate matrix is therefore an important constraint on percolative core formation in planetesimals.
Experimentally determined dihedral angles for iron-rich metallic liquids in olivine are generally between 70
• and 110
• , suggesting that the metallic melt forms isolated pockets that do not percolate (20) (21) (22) . The dihedral angle only drops below 60
• under oxidizing conditions (23) (24) (25) or at pressures of Earth's lower mantle (26) . Given the low pressures experienced by planetesimals, the metal-silicate dihedral angle is therefore largely controlled by the oxidation state.
The oxidation state inferred for the parent bodies of achondrites varies over at least six orders of magnitude (15, 27) . Some primitive and differentiated achondrites, such as brachinites and angrites, record highly oxidizing conditions that would have allowed the formation of a connected metallic melt network and hence percolative core formation (25) . Primitive enstatite achondrites, winonaites, acapulcoites/lodranites, and ureilites, however, formed under reducing conditions (15, 28, 29) . Therefore, many meteorites which record the percolation of metallic melt
Significance
It has long been thought that percolative core formation is prevented by high dihedral angles that trap the majority of the metallic phases in the mantle, even if the percolation threshold is overcome. Here we use pore-scale simulations to show that hysteresis in melt network topology allows the melt to remain connected during drainage, suggesting that percolative core formation is possible on bodies that contain enough metallic phases to overcome the percolation threshold.
A B C 6 6 0 formed under conditions where the metal-silicate dihedral angle is likely substantially larger than 60
• and should have prevented percolation.
A different mechanism that may induce the percolation of high-dihedral angle melts is shear deformation (30) (31) (32) (33) . However, primitive achondrites do not record sheared textures (13) , suggesting that their parent bodies did not experience extensive solid-state mantle convection or core formation by large-scale diapirism (34) . Therefore, the aim of this manuscript is to investigate the physical mechanism that allows metal-silicate differentiation in partially molten planetesimals such as the parent bodies of primitive achondrites.
Percolation Threshold
To allow percolative core formation at high dihedral angles, melt must accumulate until the percolation threshold is overcome. Given that published estimates of the percolation threshold vary between 5% and 50% (19, (35) (36) (37) (38) (39) (40) , it is unclear whether planetesimals contain enough metal to allow percolation. Therefore, we determine the percolation threshold in an irregular polycrystalline material (41) with pore-scale computations of texturally equilibrated pore networks. These computations evolve the solid-liquid interface by surface diffusion until equilibrium is reached; for details about the numerical method, see Ghanbarzadeh et al. (42) .
Our computational results confirm percolating melt networks along grain edges for any melt fraction, φ, when θ ≤ 60
• , at least within the 0.5% melt fraction resolution limit of our numerical method. For larger dihedral angles, the percolation threshold is computed by systematically varying the melt fraction and dihedral angle ( Fig. 2 A-P). For the purpose of this study, percolation of the pore network was defined as the existence of a connected path between all six faces of the cubic computational domain (SI Materials and Methods). Percolation in texturally equilibrated pore networks is also indicated by a change in the slope of the mean curvature as function of porosity, as seen in Fig. 3A . Fig. 2Q shows that the percolation threshold in an irregular material is higher than previous estimates assuming idealized grains. Regular media, composed of truncated octahedra (18, 19, 43) , percolate at low melt fraction because all grain edges have the same length and therefore all melt pockets connect at the same melt fraction (17) . Irregular media, in contrast, have a distribution of grain edge lengths, and connectivity between neighboring melt pockets is established gradually. Melt pockets separated by shorter grain edges will connect first and contract during connection as melt redistributes along the grain edge. This increases the melt fraction required to connect to the melt pocket along the next shortest grain edge. This process of gradually increasing connectivity is evident in Fig. 2 
A-D.
Given the range of dihedral angles for core-forming melts in a silicate matrix under reducing conditions, 70
• to 110
• , the melt fraction must exceed 10 to 19% to create an interconnected network (Fig. 2Q) . This is consistent with recent laboratory experiments indicating a threshold of 17.5% for metallic melt in olivine with θ ≈ 100
• (35), as well as earlier experimental work bracketing the percolation threshold for θ ≈ 110
• between 10% and 25% (36) . Our percolation threshold is significantly higher than several experimental studies that report percolation thresholds for metallic melts in olivine between 5% and 10% (38) (39) (40) 44) . However, these values are very close to the percolation threshold predicted for idealized regular grains (17, 19) , which provides an absolute lower bound for percolation of texturally equilibrated melts in irregular media.
The cores of the terrestrial planets comprise between 10% and 20% of their volume (Fig. 2R) , and the primordial planetesimals that accreted to form these planets therefore had similar average metal content. This is comparable to the percolation threshold of 10 to 19% in irregular grains, suggesting that some planetesimals contained enough metal to allow percolation, while percolation may have been prevented in others. The initial metal volume fraction is therefore an important constraint on percolative core formation.
Hysteresis in Melt Network Connectivity
Once melt connectivity is established, the denser metallic melt begins to drain toward the center of the planetesimal. As the melt fraction drops during drainage, the network eventually disconnects, and the remainder becomes trapped. The melt fraction at which this pinch-off occurs determines whether percolation provides a mechanism for near-complete metal-silicate differentiation. Previous work on texturally equilibrated networks in regular media shows that trapping occurs at melt fractions just below the percolation threshold (1, 19, 38) . In such media, pinch-off would strand ∼6% metal in the mantle, which is more than twice the amount indicated by the abundance of siderophile elements in Earth (45, 46) . This has led to the conclusion that high dihedral angles prevent core formation, even if the percolation threshold is exceeded during melting (1, 23, 30) . However, this conclusion is based on computations of melt networks in regular media, and Fig. 2Q demonstrates that results for irregular media can differ significantly.
Therefore, we determine the trapping threshold in irregular media using pore-scale simulations to track the evolution of melt connectivity during partial melting and subsequent drainage (Fig. 3A) . The numerical solutions shown in Fig. 3A are obtained by first incrementally increasing the porosity to simulate melting and then incrementally decreasing it to simulate drainage. This history enters the simulations by initializing each simulation with the previous solution. With increasing melt fraction, neighboring melt pockets begin to merge and form a connected network at the percolation threshold. As the melt begins to segregate, compaction reduces the melt fraction, but the melt network remains connected, even as the melt fraction drops below the percolation threshold. As drainage and compaction continue, the melt network eventually disconnects, leaving only 1 to 2% trapped. Fig. 3A is a typical example of a hysteresis loop, and additional examples are shown in SI Materials and Methods. Hysteresis in configuration and connectivity of phases is common in multiphase flow (47, 48) . It exists because textural equilibrium allows multiple solutions that represent local minima in interfacial energy. These solutions are represented by the two branches of the hysteresis loop shown in Fig. 3A . The connectivity of the melt therefore does not just depend on θ and φ but also on the history of the material. The history determines which of the two melt distributions is realized. During drainage, the melt network remains connected, because evolution of a draining network along the upper branch of the hysteresis loop in Fig. 3A is gradual, while the pinch-off necessary to transition to the lower branch requires significant mass transfer to rearrange the phases.
A regime diagram containing both the percolation and trapping thresholds for dihedral angles relevant to core formation is shown in Fig. 3B . In all cases, the amount of metal trapped is below 2%, significantly less than previously believed (1, 19, 30) . Such small amounts of trapped metal may be required to explain the abundance of siderophile elements in Earth (45, 46, 49) , although siderophile elements in Earth's mantle may also originate from late accretion (50) . The strong hysteresis in the connectivity of the melt network, reported here, therefore provides a mechanism for percolative core formation under reducing conditions, assuming the planetesimal contains sufficient metal to exceed the percolation threshold. Indirect evidence for melt percolation comes from the large range of metal volume fractions in primitive achondrites (Fig. 2R) . They must have either lost or gained metal relative to their chondrite parent bodies (15), presumably by porous flow or flow in fractures.
Melt Network Permeability
Geochemical constraints require core formation in primordial planetesimals within 3 Ma of the condensation of the solar system (4, (51) (52) (53) . Therefore, it is important to determine whether percolation is fast enough to allow core formation on such short timescales. Some authors argue that percolation is very fast (39, 40, 44, 54) , while others suggest that the permeabilities of high dihedral angle melt networks are very low (21, 38, 49) . The permeabilities of the texturally equilibrated melt networks computed here have therefore been determined using Lattice Boltzmann calculations (SI Materials and Methods) and are summarized in Fig. 3B . We find that permeability has a weak dependence on dihedral angle, and melt networks with a dihedral angles between 70
• and 80
• have the largest permeabilities, in contrast to previous suggestions. Furthermore, permeability remains considerable in the region between the trapping and percolation thresholds. The timescales required for the segregation of a percolating high dihedral angle melt should therefore be comparable to those required for low dihedral angle melts. Numerical simulations, based on permeabilities of low dihedral angle melt networks, have shown that percolation allows core formation in early planetesimals on the short timescales required by geochemical and paleomagnetic observations (55) (56) (57) (58) .
Primitive Achondrite with an Equilibrated Metal Network
The hysteretic mechanism for percolative core formation of high dihedral angle melts is based on the assumption of textural Fig. 1A . Curvature units are for grains with a mean equivalent spherical diameter of 1 mm. The relationship is unique below the trapping threshold and above the percolation threshold, at 1% and 13% melt fraction, respectively. The lower branch corresponds to disconnected melt pockets during progressive melting, and the upper branch corresponds to the connected melt network during subsequent drainage. Insets illustrate the hysteresis in melt network topology. (B) Percolation and trapping thresholds as a function of dihedral angle. Permeability of simulated melt networks was computed using Lattice Boltzmann method (color map). The permeability is scaled for a medium with average grain size of 1 mm.
equilibrium. It is applicable only if textures close to equilibrium can be maintained during the compaction of the silicate mantle. In fine-grained laboratory experiments, the melt distribution approaches textural equilibrium in ∼1 wk (35) , while numerical simulations of Vesta suggest that metal-silicate differentiation occurs over ∼0.3 Ma (57). The time required to approach textural equilibrium is therefore several orders of magnitude shorter than the overall deformation process, suggesting that textural equilibrium can be maintained.
The meteorite Northwest Africa (NWA) 2993, shown in Fig.  4A , provides an example of a microstructure that remained close to textural equilibrium despite deformation (59) . This "coarsegrained lodran-like achondrite with affinities to winonites (59) body and comprises orthopyroxene (37 vol%), olivine (32 vol%), and metallic phases (31 vol%). The absence of plagioclase suggests that silicate partial melt has been extracted, while metallic melt has likely been added. This implies that the sample has experienced compaction and decompaction during silicate extraction and metal addition, respectively. X-ray microtomography shows that the metallic phase forms a connected network (Fig. 4A and SI Materials and Methods), suggesting that metal addition occurred by melt percolation.
If textural equilibrium has been maintained through this complex history, the metal-silicate interface preserved in NWA 2993 should have a relatively constant surface curvature and identifiable dihedral angle. The apparent metal-silicate dihedral angle has been measured in 2D slices using an automated algorithm (31) , and the distribution has a median of 86
• ±17
• (Fig. 4B) , consistent with experimental results. While the SD is large and the distribution shows a tail, it should be kept in mind that NWA 2993 is a complex natural sample rather then a clean synthesized sample. We have also computed the mean curvature of the metal-silicate interface in NWA 2993 using a level set algorithm (42) . Fig. 4C shows that the mean interface curvature has a narrow distribution, as expected for a texturally equilibrated melt network. Therefore, the metal-silicate interface of NWA 2993 displays the two key characteristics expected from a microstructure that is approaching textural equilibrium. This provides evidence that equilibrium textures can be retained during metal-silicate differentiation, suggesting the hysteretic percolation mechanism proposed here may applicable to real systems.
Discussion
Modeling studies show that percolation allows core formation in early planetesimals (55) (56) (57) (58) on the short timescales required by geochemical and paleomagnetic observations (3, 4) . In contrast, experimental work suggests that metallic melt resides in isolated pockets and appears to rule out percolative core formation (20) (21) (22) (23) (24) (25) 35) . Here we present numerical simulations that show hysteresis in the connectivity of the melt network. While hysteresis has been recognized before (19) , it was thought to be a minor effect that strands large volumes of metallic melt in the mantle (1). Our pore-scale simulations show that hysteresis in irregular geometries is much more significant and leaves only 1 to 2% of the melt stranded in the mantle. Given the strong hysteresis documented here, percolation provides a plausible mechanism for core formation in planetesimals. However, we do not claim that percolation is the sole mechanism of core formation in planetesimals.
Fractures filled with metallic melts have been observed in achondrite meteorites and provide evidence for fracture flow in the interior of planetesimals (60) . These fractures may originate internally by magma fracturing driven by overpressure in the partial melt (61) (62) (63) or externally by high-energy impacts on the surface (64) . Flow in fractures accelerates core formation and impedes equilibration between metallic melt and silicate matrix (1, 54) . Both effects depend strongly on fracture spacing, which is difficult to constrain from small-scale meteorite observations. Even in the presence of fractures, percolation remains important, because it determines the timescale of the drainage from the matrix into the fractures.
In larger planetesimals, solid-state convection and large-scale diapirism may be important processes for core formation, in particular if predifferentiated impactors deliver large metallic cores (1, 34) . In such bodies, temperatures also commonly rise above the silicate solidus and may lead to the formation of magma oceans at some depth within the planetesimal (7, 8, 57) . In this case, core formation would proceed by a combination of metal rain in the magma ocean and metal percolation in other parts. Which of these processes is rate limiting depends on the grain size of the silicate matrix and the size of metal droplets in the magma ocean.
The partial melting of silicates is also common on smaller planetesimals that accrete and differentiate early. The mechanism presented here therefore strictly only applies to situations when metal percolates before partial melting of silicate commences. The Fe-FeS eutectic is ∼100 K below the silicate solidus (65) . Whether silicate begins melting before the metal percolates therefore depends on how close the Fe-FeS system is to the eutectic composition and the dihedral angle, which controls the magnitude of the percolation threshold. In general, systems with a bulk composition closer to the Fe-FeS eutectic attain larger degrees of partial melting at lower temperatures and may therefore percolate before silicates begin partial melting. Once silicate begins melting, percolative core formation is effectively a three-phase flow, with both a dense and a buoyant melt in viscously compacting silicate matrix. The effect of this three-phase flow on percolative core formation is currently not clear, as experimental studies have reported both enhanced (66) and reduced (67) metal percolation in the presence of partial silicate melts.
Finally, it is important to acknowledge that textural equilibrium is not instantaneous and requires some time to develop. At the onset of melting, the stresses due to volume change might open the grain boundaries and initially lead to a connected grainscale fracture network that allows some metal drainage. However, wetted grain boundaries are a high-energy nonequilibrium state, and, with time, the melt will redistribute. This process is approximately modeled by initializing our simulations for the solid-liquid interface with the grain geometry. Our simulations suggest the melt from the faces collects into isolated pockets ( Fig. 2 A and E) . Similarly, the pinch-off at 1 to 2% porosity during drainage is not instantaneous and may allow further reduction of porosity, past the trapping threshold in Fig. 3B , before the melt is eventually trapped.
Materials and Methods
The computations of the pore-scale melt networks are performed using a level set method described in detail in a previous publication (42) . SI Materials and Methods contains details about the following four technical aspects: i) the determination of the percolation threshold; ii) the procedure to determine the hysteresis loop; iii) the computation of the permeability using Palabos, an open source computational fluid dynamics software package; and iv) a description of the nondestructive X-ray tomography and the associated image analysis.
